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In vertebrates, membrane-bound ecto-nucleoside
triphosphate diphosphohydrolases (NTPDases) on
the cell surface are responsible for signal conversion
and termination in purinergic signaling by extracel-
lular nucleotides. Here we present apo and complex
structures of the rat NTPDase2 extracellular domain
and Legionella pneumophila NTPDase1, including a
high-resolution structure with a transition-state
analog. Comparison of ATP and ADP binding modes
shows how NTPDases engage the same catalytic
site for hydrolysis of nucleoside triphosphates and
diphosphates. We find that this dual specificity is
achieved at the expense of base specificity. Struc-
tural and mutational studies indicate that a
conserved active-site water is replaced by the phos-
phate product immediately after phosphoryl transfer.
Partial base specificity for purines in LpNTPDase1 is
based on a different intersubunit base binding site for
pyrimidine bases. A comparison of the bacterial
enzyme in six independent crystal forms shows that
NTPDases can undergo a domain closure motion of
at least 17.
INTRODUCTION
Nucleoside triphosphate diphosphohydrolases (NTPDases) are
nucleotidases ubiquitously found in eukaryotes. They catalyze
the successive cleavage of the g/b- and b/a-anhydride bonds
of nucleotides (E.C. 3.6.1.5) with varying specificity for the first
or second hydrolysis step and the nucleobase (Zimmermann
et al., 2012). In vertebrates, a subfamily of these enzymes
(NTPDase1–3 and -8) has evolved that is responsible for signal
conversion and termination in extracellular purinergic signaling
(Robson et al., 2006; Kukulski et al., 2005). These ectoenzymes
are anchored to the cell membrane by two transmembrane heli-
ces close to the N and C termini. By removing the g- and b-phos-
phates of extracellular nucleotides, ecto-NTPDases degrade
P2X and P2Y receptor agonists. Furthermore, in tandem with1460 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd Althe ecto-50-nucleotidase, the canonical P1 receptor agonist
adenosine is generated. Together, this enzyme cascade is
involved in the regulation of blood clotting (Enjyoji et al., 1999;
Se´vigny et al., 2002), inflammatory processes (Kukulski et al.,
2011), and immune reactions (Mizumoto et al., 2002; Sauer
et al., 2012). In the recent past, CD39 (NTPDase1) and CD73
have received a great deal of interest, as they have now been es-
tablished as valuable targets in cancer immunotherapy (Bastid
et al., 2013; Zhang, 2012; Knapp et al., 2012).
NTPDases have also been identified on the surface or in the
pericellular space of a wide range of human parasites including
Toxoplasma gondii, Schistosoma mansoni, Trypanosoma spp.,
and the bacterium Legionella pneumophila. Expression of these
enzymes might serve to weaken inflammatory and immune pro-
cesses of the host in response to infection (Sansom et al.,
2008b).
We have previously determined the structure of the Rattus
norvegicus NTPDase2 extracellular domain (ECD). A complex
structure with a nonhydrolyzable ATP analog revealed how the
five (in subgroups six) apyrase conserved regions (ACRs)
contribute to substrate binding, and amechanism for ATP hydro-
lysis could be proposed (Zebisch and Stra¨ter, 2008; Zimmer-
mann et al., 2012). Only recently, the observation of an ECD
variant of NTPDase1 in multiple conformational states gave
insight into a small domain closure motion of 7.4 (Zebisch
et al., 2012). Based on the pronounced impact of alterations in
the transmembrane organization on activity (Chiang and
Knowles, 2008; Grinthal and Guidotti, 2002, 2004, 2006, 2007;
Gaddie and Kirley, 2009, 2010), such a movement that
affects the active-site geometry is thought to be controlled
by relative movements of the C- and N-terminal transmembrane
helix anchors of cell-surface NTPDases. We were able to
show that an arrest of the domain orientation in an open confor-
mation is used by the thiol-activated NTPDase of T. gondii
(TgNTPDase1, -3) to remain in a dormant state (Krug et al.,
2012, 2013; Asai et al., 1983).
In spite of considerable progress in understanding NTPDase
function by us and others, an explanation for several functional
aspects of NTPDases ismissing. Among the families in the struc-
tural superfamily of acetate and sugar kinases, hsp70 heat shock
proteins, and actin, NTPDases are unique in that they hydrolyze
nucleoside triphosphates and diphosphates at comparable
rates. Exactly how the same active site is used to process bothl rights reserved
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function that are poorly understood include base promiscuity
versus base specificity of family members, the processive cleav-
age of ATP by NTPDase1, metal-ion specificity, and the mutual
interference of active-site movements and transmembrane helix
interaction.
We have determined the crystal structures of rat NTPDase2
(RnNTPDase2) and L. pneumophila NTPDase1 (LpNTPDase1)
in complex with nonhydrolyzable substrate analogs to obtain
insight into the NTP/NDP dual specificity of NTPDases and un-
derstand the partial base specificity of the bacterial enzyme.
Active-site complexes with several transition-state mimics
reveal the interactions involved in the stabilization of the transi-
tion state of the phosphoryl transfer. Based on these structures
and additional product-bound structures, we can reconstruct
key points along the reaction pathway of NTPDases and interpo-
late a continuous movie along the reaction coordinate. The
observation of the bacterial enzyme in open and closed confor-
mations further allows a detailed description of substrate-
induced domain closure motion.
RESULTS
For our structural studies on the catalytic mechanism of
NTPDases, we determined 4 additional structures of
RnNTPDase2 and 18 structures of LpNTPDase1 (Tables 1 and
2). TheRnNTPDase2 ECDwas produced and crystallized as pre-
viously described (Zebisch and Stra¨ter, 2007, 2008). For the
purification of LpNTPDase1, we established a periplasmic
expression of the enzyme in Escherichia coli. The recombinant
production of the bacterial NTPDase with a C-terminal instead
of N-terminal His tag as described before (Vivian et al., 2010)
allowed us to crystallize the protein in five additional crystal
forms (Table 2). The LpNTPDase1 structure was independently
determined via a sulfur single anomalous dispersion (SAD)
approach (Zebisch et al., 2013).
Compared to the previously reported structure of
LpNTPDase1, we noticed a significant difference at the N
terminus of the protein produced by periplasmic expression
(Figure 1). In our structures, the N terminus of the mature
protein (D35–A393) is folded back over the N-terminal lobe,
forming an additional disulfide bridge C39-C44 with the first b
strand (Figure S1 available online). Most likely, this N-terminal
disulfide bridge stabilizes the protein fold. A C39S variant
shows a lower activity for ATP hydrolysis (Table 3). Incomplete
formation of this disulfide bridge in the previous LpNTPDase1
structure (Protein Data Bank [PDB] ID code 3AAP) was most
likely due to cytosolic expression. The structures presented
here result from periplasmic expression, which more closely
resembles the natural secretion into the replicative vacuole
(Sansom et al., 2007).
We noticed that LpNTPDase1 forms the same head-to-head
dimer in all six crystal forms (Figure S2). Although the protein be-
haves as a monomer in gel filtration, a tendency to dimerize in a
specific way may exist at high concentration. Accordingly, we
observed partial spontaneous crosslinking of the S274C variant
(data not shown). The introduced cysteine is located close to the
molecular C2 axis of the dimer, and the distance between the sul-
fur atoms of the symmetry-related cysteines is predicted to beStructure 21, 1460between 4 and 6 A˚. A cystine link may form with only minor dis-
tortions of the dimer structure.
Insight into NTP/NDP Dual Specificity of NTPDases
The active-site geometry of LpNTPDase1 (crystal form II) in
complex with Mg2+ and the ATP analog adenosine 50-[(b,g)-
imido]triphosphate (AMPPNP) is highly similar to that of the
Ca2+-AMPPNP (not shown) and Zn2+-AMPPNP (Figure 2) com-
plexes of the RnNTPDase2 ECD. Zn2+ ions, albeit nonphysio-
logical metal cofactors of NTPDases, had previously been
shown to maximally activate the ectodomain (Zebisch and
Stra¨ter, 2007). Basically, the same hydrogen bonds are formed
between the substrate’s phosphate tail, the divalent metal ion,
and the active-site residues in RnNTPDase2 and LpNTPDase1.
The position of six water molecules is conserved between the
enzymes: the four metal-coordinating water molecules, the
nucleophilic water, and an additional water molecule posi-
tioned close to the terminal phosphate (Zebisch and Stra¨ter,
2008).
From observation of these highly similar binding modes, we
conclude that the previously published complex of LpNTPDase1
with AMPPNP but in the absence of a divalent metal ion, in which
many of the aforementioned interactions were missing (Vivian
et al., 2010), represents an unproductive binding mode. As will
be shown below, this was due to the enzyme being in an open
conformation.
Apart from slight differences in the nucleoside binding mode,
the most striking difference in the ATP binding mode of the two
homologs is the functional replacement of H50 in RnNTPDase2
by the structurally nonequivalent R56 in LpNTPDase1. Both
side chains bind to the b-phosphate, but emerge from two
different positions in ACR1. Accordingly, an R56S variant of
LpNTPDase1 shows a dramatic 250-fold decrease in catalytic
efficiency. This loss in activity is partly rescued in the G54H
R56S double mutant (Table 3). When NTPDases from several
phyla are compared, it is evident that the arginine side chain
as found in LpNTPDase1 is the canonical b-phosphate binding
finger. It is rarely replaced by lysine. The histidine side chain as
found in RnNTPDase2 is exclusive to all cell-surface NTPDases
of vertebrates. NTPDase3 constitutes an intermediate,
because an arginine is found at the position of theRnNTPDase2
histidine.
With their ability to hydrolyze both NTPs and NDPs using the
same active site (Laliberte and Beaudoin, 1983), NTPDases
display a feature that is unique among the larger class of actin-
related phosphotransferases. We obtained insight into the
dual-specificity mechanism by determination of complex struc-
tures with the stable ADP analog adenosine 50-[(a,b)-imido]
diphosphate (AMPNP) (Figure 3). The b- and a-phosphates of
the ADP analog occupy the g- and b-phosphate binding sites
identified in the AMPPNP binding mode, respectively, and the
third (a-)phosphate binding site of the AMPPNP binding mode
is simply skipped in NDP hydrolysis. This necessitates a high
flexibility of the nucleoside binding site and requires the nucleo-
side moiety to adopt a more stretched conformation for NDP
binding. We observed a rotation of the nucleobase of up to 40
and a translation of the ribose of up to 3 A˚. The binding
mode of NTPs is the more relaxed one. Accordingly, the nucleo-
side in AMPPNP and GMPPNP (guanosine 50-[(b,g)-imido]–1475, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1461
Table 1. Diffraction and Refinement Statistics of RnNTPDase2 Crystals
Complex Zn2+-AMPPNP Mg2+-GMPPNP Ca2+-AMPNP Ca2+-UMPPNP
Diffraction
X-ray source BESSY BL14.2 BESSY BL14.2 BESSY BL14.2 BESSY BL14.2
Wavelength (A˚) 0.9184 0.9184 0.9184 0.9184
Space group P212121 P212121 P212121 P212121
Unit cells
a/a (A˚/) 41.17/90 40.88/90 41.03/90 41.58/90
b/b (A˚/) 69.13/90 69.76/90 69.09/90 69.02/90
c/g (A˚/) 164.51/90 163.96/90 163.77/90 164.01/90
Wilson B factor (A˚2) 23.6 25.9 31.2 24.6
Resolution range (A˚) 19.73–1.75 (1.84–1.75) 36.58–2.05 (2.16–2.05) 36.68–2.05 (2.16–2.05) 37.09–2.00 (2.10–2.00)
Unique reflections 48,382 (6,920) 30,377 (4,338) 30,057 (4,300) 32,508 (4,530)
Average multiplicity 4.0 (4.0) 3.9 (3.9) 6.3 4.1 (3.6)
Anomalous multiplicity 2.1 (2.1) 2.0 (2.0) 6.3 2.2 (2.0)
Completeness (%) 99.9 (99.9) 100.0 (100.0) 99.8 (99.6) 98.6 (96.0)
Anomalous (%) 99.9 (99.8) 99.9 (99.9) 99.9 (99.4) 91.8 (83.1)
<I/sI> 14.6 (2.4) 7.9 (2.3) 16.1 (3.6) 14.3 (4.0)
Rmerge (%) 4.9 (52.5) 8.8 (45.9) 6.7 (50.1) 5.4 (27.5)
Rmeas (all) (%) 6.5 (68.6) 11.4 (60.6) 7.8 (58.9) 7.1 (40.0)
Rpim (all) (%) 3.2 (33.5) 5.7 (30.0) 3.1 (22.8) 3.4 (20.9)
Ranom (%) 3.1 (34.0) 5.2 (31.2) 2.8 (21.2) 3.5 (23.1)
Refinement
Refinement type TLS TLS TLS TLS
Twin fraction (%) — — — —
Rwork (%) 17.0 18.2 16.9 16.8
Rfree (%) 19.9 23.1 21.8 20.1
No. of non-H atoms
Protein 3,330 3,296 3,277 3,317
Water 261 132 189 284
Ligands 50 51 58 72
Average B factor (A˚2)
Protein 26.6 31.9 33.7 25.8
Water 31.3 28.5 35.3 32.4
Ligands 27.0 33.7 47.3 35.7
Rmsd from ideality
Bond lengths (A˚) 0.019 0.019 0.019 0.019
Bond angles () 1.852 2.011 1.987 1.898
Ramachandran plot
Favored (%) 98.1 97.6 97.4 97.6
Allowed (%) 100 100 100 100
Number of outliers 0 0 0 0
Protein chains A A A A
Interdomain rotation angle
( to form I apo of LpNTPDase1)
14.4 13.8 14.6 14.8
PDB ID code 4BR5 4BQZ 4BR0 4BR2
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Snapshots of the NTPDase Reactiontriphosphate) complex structures of LpNTPDase1 can adopt
distinct binding modes in the two copies of the asymmetric
unit that seem to be caused by subtle differences in domain
orientation (Figure S3).1462 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd AlInsight into NTPDase Base Promiscuity
Based on the high flexibility of the nucleoside binding mode that
is necessary to accept NTPs and NDPs in the same active site, it
is immediately apparent why NTPDases display only limitedl rights reserved
Table 2. Diffraction and Refinement Statistics of LpNTPDase1
Crystal Form I I II II II II, Q193E II II II II II II III, N302Y III III III IV V
Complex Apo AMPNP Apo
Mg2+-
AMPPNP
Mg2+-
AMPNP
Mg2+-
AMPPNP
Mg2+-AMP-
VO4
3
Mg2+-
AMP-
MoO4
2
Mg2+-
AMP-
Pi-Pi
Mg2+-
GMPPNP
Mg2+-
TMP-
VO4
3
Mg2+-
UMPPNP
!Mg2+-
UMPPNP
Mg2+-
GMP-
VO4
3
Apo,
S_SAD
Mg2+-
AMP Apo Apo
Diffraction
X-ray source BESSY
BL14.1
BESSY
BL14.1
BESSY
BL14.2
BESSY
BL14.2
BESSY
14.2
CuKa BESSY
14.2
CuKa BESSY
BL14.3
BESSY
BL14.1
CuKa BESSY
BL14.1
BESSY
BL14.3
BESSY
BL14.2
BESSY
BL14.2
CuKa BESSY
BL14.2
BESSY
BL14.2
Wavelength
(A˚)
0.9181 0.9181 1.2144 0.9184 0.9184 1.5418 0.9184 1.5418 0.8946 0.9181 1.5418 0.9181 0.8943 0.9184 1.9000 1.5418 0.9181 0.9181
Space group P321 P321 P21 P21 P21 P21 P21 P21 P21 P21 P21 P21 P212121 P212121 P212121 P212121 P63 P3221
Unit cells
a/a (A˚/) 103.88/
90
102.85/
90
62.51/
90
61.65/
90
63.07/
90
62.13/
90
62.68/
90
62.14/
90
62.74/90 62.19/
90
62.44/
90
62.46/
90
80.60/
90
80.99/
90
79.97/
90
80.33/
90
155.99/
90
129.71/
90
b/b (A˚/ ) 103.88/
90
102.85/
90
86.19/
107.13
85.42/
108.41
84.76/
106.47
86.05/
106.78
86.20/
105.94
85.97/
106.14
85.50/
106.2
86.17/
107.02
85.76/
106.4
86.41/
106.53
82.97/
90
83.46/
90
84.31/
90
83.58/
90
155.99/
90
129.71/
90
c/g (A˚/ ) 75.40/
120
74.78/
120
72.22/
90
71.11/90 70.84/
90
71.98/
90
70.88/
90
71.89/
90
70.34/
90
71.88/
90
72.31/
90
72.19/
90
109.58/
90
109.29/
90
102.11/
90
104.11/
90
79.22/
120
162.56/
120
Wilson
B factor (A˚2)
15.8 21.7 14.6 17.6 9.9 15.8 18.9 18.4 13.0 15.2 16.5 21.2 13.4 22.0 23.0 19.4 25.1 66.0
Resolution
range (A˚)
28.89–
1.45
(1.53–
1.45)
28.64–
1.80
(1.90–
1.80)
29.21–
1.40
(1.48–
1.40)
28.63–
1.60
(1.69–
1.60)
28.48–
1.30
(1.37–
1.30)
29.17-
1.50
(1.58-
1.50)
29.33-
1.60
(1.69-
1.60)
29.86–
1.60
(1.69–
1.60)
29.12–
1.45
(1.58–
1.45)
29.15–
1.45
(1.53–
1.45)
29.03–
1.69
(1.79–
1.69)
29.35–
1.75
(1.85–
1.75)
27.95–
1.50
(1.58–
1.50)
19.91–
1.60
(1.69–
1.60)
32.51–
2.02
(2.13–
2.02)
29.86–
1.70
(1.79–
1.70)
34.17–
1.99
(2.10–
1.99)
29.36–
2.50
(2.64–
2.50)
Unique
reflections
83,235
(12,082)
42,613
(6,145)
138,132
(15,705)
91,380
(12,738)
173,270
(24,451)
115,389
(16,321)
95,376
(13,931)
93,825
(13,302)
123,883
(17,845)
127,181
(17,761)
80,289
(11,303)
73,309
(10,239)
117,553
(16,930)
97,136
(13,185)
43,436
(5,681)
78,136
(11,136)
74,335
(10,249)
55,117
(7,966)
Average
multiplicity
6.2
(6.2)
4.7
(4.6)
4.5
(3.1)
3.7
(3.0)
3.4
(2.8)
4.5
(2.6)
4.2
(4.2)
5.1
(2.7)
6.6
(6.5)
4.0
(3.3)
7.4
(6.5)
3.8
(3.6)
4.1
(3.9)
5.7
(4.9)
14.2
(7.3)
3.8
(3.2)
5.7
(4.5)
6.3
(6.3)
Anomalous
multiplicity
3.2
(3.1)
2.2
(2.1)
2.3
(1.6)
1.9
(1.6)
1.9
(1.7)
2.4
(1.5)
2.1
(2.1)
2.6
(1.5)
3.2
(3.1)
2.1
(1.8)
3.8
(3.4)
2.0
(1.9)
2.2
(2.1)
2.9
(2.5)
7.4
(3.8)
1.9
(1.7)
2.9
(2.3)
3.3
(3.2)
Completeness
(%)
100
(100)
100
(99.9)
96.2
(75.1)
99.2
(94.9)
99.1
(96.0)
99.4
(96.8)
99.9
(100)
98.0
(95.3)
98.4
(97.2)
99.3
(95.3)
98.8
(95.7)
99.3
(95.2)
99.7
(99.2)
99.2
(94.8)
94.4
(86.0)
99.7
(98.4)
99.1
(94.1)
99.9
(100.0)
Anomalous
(%)
100
(100)
95.8
(89.5)
85.5
(61.5)
88.3
(74.0)
75.1
(64.2)
91.1
(65.4)
99.9
(100)
95.9
(84.5)
98.3
(96.5)
93.2
(81.2)
3.8
(3.4)
89.7
(81.0)
94.8
(89.8)
97.8
(88.9)
94.2
(85.2)
89.4
(78.4)
97.5
(85.3)
100.0
(100.0)
<I/sI> 17.8
(2.9)
12.6
(2.6)
21.0
(3.7)
7.7
(1.9)
7.3
(2.0)
17.0
(1.8)
13.3
(2.8)
13.4
(2.1)
13.1
(3.2)
11.0
(2.3)
34.3
(7.8)
7.6
(2.1)
11.6
(2.8)
14.0
(2.2)
41.3
(10.8)
7.4
(2.4)
6.9
(2.3)
11.8
(2.2)
Rmerge (%) 4.8
(53.4)
6.4
(53.9)
3.6
(23.3)
7.0
(44.6)
7.3
(40.9)
4.5
(44.6)
5.1
(52.0)
6.8
(46.9)
8.0
(55.2)
4.7
(40.2)
3.6
(22.5)
8.0
(44.1)
6.5
(44.2)
5.7
(61.0)
4.3
(15.7)
10.2
(41.6)
13.7
(44.8)
8.6
(76.9)
Rmeas (all)
(%)
5.7
(64.6)
8.0
(64.2)
4.3
(33.0)
9.3
(65.4)
9.0
(56.0)
6.6
(72.1)
6.6
(66.1)
8.7
(67.0)
9.4
(65.4)
6.1
(55.6)
4.6
(26.8)
10.2
(60.8)
8.1
(53.2)
6.8
(76.3)
4.7
(18.0)
12.6
(51.5)
16.0
(57.5)
10.2
(91.9)
Rpim (all)
(%)
2.3
(25.9)
3.6
(29.4)
1.8
(18.4)
4.8
(37.2)
4.2
(31.2)
2.7
(41.9)
3.2
(31.8)
3.7
(39.1)
3.6
(25.0)
3.0
(29.8)
1.7
(10.2)
5.2
(31.6)
3.8
(25.1)
2.7
(33.6)
1.2
(6.5)
6.1
(27.6)
6.5
(26.0)
4.0
(36.3)
Ranom (%) 2.2
(26.0)
3.5
(30.0)
1.8
(21.2)
3.9
(42.8)
3.9
(29.7)
3.3
(49.4)
3.0
(29.8)
4.0
(41.5)
3.2
(24.4)
2.5
(30.9)
2.3
(10.8)
3.5
(26.8)
3.7
(24.6)
2.6
(34.7)
1.5
(6.2)
5.8
(25.8)
5.5
(30.8)
3.7
(33.8)
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Table 2. Continued
Crystal Form I I II II II II, Q193E II II II II II II III, N302Y III III III IV V
Complex Apo AMPNP Apo
Mg2+-
AMPPNP
Mg2+-
AMPNP
Mg2+-
AMPPNP
Mg2+-AMP-
VO4
3
Mg2+-
AMP-
MoO4
2
Mg2+-
AMP-
Pi-Pi
Mg2+-
GMPPNP
Mg2+-
TMP-
VO4
3
Mg2+-
UMPPNP
!Mg2+-
UMPPNP
Mg2+-
GMP-
VO4
3
Apo,
S_SAD
Mg2+-
AMP Apo Apo
Refinement
Refinement
type
aniso-
tropic
TLS aniso-
tropic
aniso-
tropic
aniso-
tropic
aniso-
tropic
aniso-
tropic
aniso-
tropic
aniso-
tropic
aniso-
tropic
TLS TLS aniso-
tropic
aniso-
tropic
TLS TLS TLS +
twin
TLS +
twin
Twin
fraction
(%)
— — — — — — — — — 17 11
Rwork (%) 14.3 16.3 12.8 12.4 13.6 14.0 12.3 12.5 13.9 12.4 15.8 16.4 12.9 14.4 16.1 18.4 22.0 17.0
Rfree (%) 18.3 21.0 17.1 18.8 18.6 19.7 19.5 18.4 18.7 17.4 19.0 18.5 17.8 19.8 21.6 23.0 24.6 20.7
No. of non-H atoms
Protein 2,875 2,877 6,089 5,811 6,028 5,903 5,969 5,940 6,031 5,981 6,029 5,859 5,932 5,884 5,774 5,777 5,621 11,086
Water 398 313 650 435 798 558 474 549 637 662 437 544 771 467 352 311 105 14
Ligands 5 30 37 106 95 124 101 90 95 93 181 86 99 82 22 52 0 7
Average B
factor (A˚2)
Protein 20.6 26.2 19.6 26.9 16.0 21.0 26.4 22.7 16.5 20.1 17.9 23.6 15.3 15.9 23.8 22.2 34.3 62.2
Water 35.3 35.1 32.0 38.1 30.7 31.5 37.0 35.0 28.0 33.8 25.1 33.2 29.2 31.5 29.1 25.8 34.0 45.2
Ligands 27.7 58.2 18.9 31.0 15.3 26.3 25.9 30.9 18.4 21.3 26.1 28.4 18.4 27.7 23.3 19.2 — 73.9
Rmsd from
ideality
Bond
lengths (A˚)
0.020 0.021 0.020 0.021 0.020 0.019 0.020 0.020 0.020 0.019 0.019 0.020 0.020 0.020 0.018 0.019 0.011 0.014
Bond
angles ()
1.890 1.980 1.953 1.967 2.040 1.951 1.830 1.835 2.041 1.890 1.926 1.902 1.874 1.926 1.904 1.956 1.566 1.725
Ramachandran
Favored (%) 97.5 97.0 97.4 96.6 97.3 96.3 97.0 97.5 97.5 96.7 96.9 96.5 97.4 96.8 96.5 96.8 94.9 96.3
Allowed (%) 100 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.9 99.7 99.9
Number of
outliers
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 2
Protein
chains
A A A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B A, B,
C, D
Domain
rotation
anglea
0 2.0 A: 12.6,
B: 13.3
A: 15.8,
B: 12.6
A: 12.4,
B: 14.5
A: 16.4,
B: 15.7
A: 13.1,
B: 14.3
A: 16.0,
B: 16.5
A: 16.0,
B: 16.5
A: 12.4,
B: 14.3
A: 12.9,
B: 15.0
A: 12.8,
B: 14.3
A: 15.2,
B: 17.1
A: 17.9,
B: 14.3
A: 10.0,
B: 13.1
A: 15.1,
B: 16.6
A: 6.3,
B: 10.4
A: 5.6,
B: 6.0,
C: 6.9,
D: 5.3
PDB ID code 4BR4 4BR7 4BR9 4BRA 4BRC 4BRD 4BRE 4BRF 4BRQ 4BRG 4BRH 4BRI 4BRK 4BRL 4BRM 4BRN 4BRO 4BRP
Values in brackets refer to the highest-resolution shell. Please see Tables S2 and S3 for crystallization conditions.
aRelates to form I apo of LpNTPDase1. S
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Figure 1. Stereo Figure Showing the Protein
Fold of the Crystal Form II, Mg2+-AMPPNP
Complex of LpNTPDase1
Mg2+ (yellow)-coordinating water molecules are
shown as red spheres. Disulfide bridges are
depicted in orange. See also Figures S1 and S2.
Structure
Snapshots of the NTPDase Reactionbase specificity for their substrates. Any specific donor-acceptor
hydrogen bonds to the base would restrict the flexibility in the
nucleoside binding mode and preclude the respective alternate
binding mode. Those NTPDases that do show a certain degree
of base specificity, for example, intracellular vertebrate
NTPDase4–7, have indeed been shown to also be more specific
for either the nucleoside diphosphates or triphosphates
(Mulero et al., 1999; Wang and Guidotti, 1998; Biederbick
et al., 2000; Hicks-Berger et al., 2000; Braun et al., 2000;
Shi et al., 2001; Mikami et al., 2001; Schiller et al., 2012).
Hence, it can be concluded that NTPDases achieve their
dual specificity for NTPs and NDPs at the expense of base
specificity.
Yet, although LpNTPDase1 shows only little preference for
NTPs over NDPs, it does show a pronounced partial base spec-
ificity. Purine nucleotides are favored over pyrimidine nucleo-
tides (Sansom et al., 2008a). Even the nonnucleotide substrate
thiamine pyrophosphate is a slightly better accepted substrate
than UDP and UTP (Table 3). Complex structures of the
RnNTPDase2 ECD with nonhydrolyzable imido analogs of ATP,
GTP, and UTP show very similar binding modes of the pseudo-
nucleotides (Figure 4A). The nucleobase is sandwiched between
R394 and Y350. The strictly conserved Y398 forms flexible in-
plane hydrogen bonds to the base either directly or via water
molecules. In LpNTPDase1 the situation is different, and com-
plex structures with the various nucleotide analogs reflect the
differences in specificity constants (Table 3). The uracil base of
uridine 50-[(b,g)-imido]triphosphate (UMPPNP), the nonhydrolyz-
able analog of the poorly accepted substrate UTP, is not able to
bind betweenN302 andY346. Instead, the uridyl group is rotated
at the a-phosphate in such away that it binds in the cleft between
the two structural domains (Figure 4B). This binding mode re-
sembles that of the ADP analog AMPNP to TgNTPDase1. There,
the binding mode is supported by active-site mutations
compared to the more ATP-specific TgNTPDase3 (U. Krug, R.
Totzauer, M.Z., and N.S., unpublished data). Although here we
can identify several hydrogen bonds of LpNTPDase1 to the uracil
base, the high B factors of the nucleoside group indicate that this
is not a high-affinity binding mode. To find a structural explana-
tion for this deviation in the binding mode, we first examined
closely the ATP and GTP binding modes. We found that stacking
of the purine base by N302 and Y346 involves mostly the six-
membered purine ring.Structure 21, 1460–1475, August 6, 2013 ªWith the less extended planar system
of the uracil base, UTP and UDP may
simply be too short to reach into the inter-
mittent space between the small planar
side-chain group of N302 and that of the
aromatic ring of Y346. In contrast, thia-
mine pyrophosphate, which also has a
six-membered pyrimidine ring (resem-bling a nucleobase), might be accepted as a slightly better
substrate because it has a greater total length. Compared to a
nucleotide, it has flexible methylene and ethylene linkages
between the five-membered thiazolium ring and the phosphate
tail on one side and the pyrimidine ring on the other. The binding
mode of the thiamine-50-phosphovanadate (TPV) adduct corre-
sponds to the canonical nucleotide binding mode (see below
and Figure S5). To further prove that the uracil nucleotides do
not bind in the canonical nucleobase binding mode due to too
large a distance between the base binding site and the phos-
phate binding site, due to insufficient interaction interface at
the base sandwich site, we created an LpNTPDase1 N302Y
mutant. Indeed, after increasing the sandwich interaction sur-
face with incorporation of a large aromatic side chain, uracil
nucleotides are much better accepted substrates and a canon-
ical binding mode was observed (Figure 5; Tables 1 and 2).
Substrate-Induced Domain Closure Motion
In contrast to the binding modes described above for crystal
form II, an unproductive binding mode is adopted by AMPNP
in crystal form I that is similar to the previously published
AMPPNP complex (Vivian et al., 2010). Only the nucleoside is
well defined by electron density. The phosphate tail exhibits
high flexibility and does not reach the catalytic base E159. In
addition, no metal ion can be identified in the active-site cleft.
Apparently, the intricate arrangement of the phosphate groups,
the metal ion, and the catalytic residues cannot be established
in this open crystal form. However, a comparison between the
apo and the AMPNP-bound state of crystal form I reveals a sub-
tle but distinct conformational change compatible with the crys-
tal lattice. An unbiased analysis with the program Dyndom
(Hayward and Berendsen, 1998) allowed the detection of a
3.4 rotational movement of domain II around its center
(Figure 6A). This movement, which is accompanied by a closure
of the Y346 side chain over the adenine base, results in a slight
(0.5 A˚) approximation of the nucleoside binding site toward the
catalytic base. Such a ‘‘capturing’’ step might in solution mark
the onset of a more pronounced domain closure motion, as it
can be derived from comparison of the LpNTPDase1 structures
from crystal forms I and II. Based on domain-wise superpositions
of the independent monomers, we calculated domain closure
motions of up to 17.9 (Tables 1 and 2), 10 more than in the pre-
viously observed ‘‘breathing motion’’ of the RnNTPDase1 ECD2013 Elsevier Ltd All rights reserved 1465
Table 3. Kinetic Constants Determined for Nucleotide Hydrolysis of LpNTPDase1 Variants andRnNTPDase2 ECDUsing the ITC-Based
Enzyme Assay
Substrate Enzyme (pM) Substrate Stock (mM) Km (mM) kcat (s
1) Amax (mmol min
1mg1) kcat/Km (M
1s1)
LpNTPDase1 WT
Mg2+-ATP 40 15 247 ± 8 3,108 ± 319 4,187 ± 430 12.6 3 106
Ca2+-ATP 290 15 731 ± 10 793 ± 43 1,068 ± 58 1.1 3 106
Mg2+-ADP 70 20 1,412 ± 51 1,636 ± 60 2,204 ± 81 1.6 3 106
Ca2+-ADP 400 20 2,040 ± 44 711 ± 17 958 ± 23 0.4 3 106
Mg2+-GTP 70 20 452 ± 34 1,959 ± 106 2,639 ± 142 4.3 3 106
Mg2+-GDP 78 30 3,396 ± 247 2,222 ± 175 2,993 ± 235 0.7 3 106
Mg2+-UTP 360 60 2,732 ± 255 1,198 ± 23 1,614 ± 31 0.4 3 106
Mg2+-UDP 360 60 4,305 ± 642 457 ± 102 821 ± 137 0.1 3 106
Mg2+-TPP 110 30 2,379 ± 119 1,274 ± 35 1,717 ± 47 0.6 3 106
LpNTPDase1 N302Y
Mg2+-ATP 24 2.5 32 ± 2 1,097 ± 187 1,488 ± 253 34.3 3 106
Mg2+-ADP 60 5 157 ± 9 609 ± 67 826 ± 90 3.9 3 106
Mg2+-GTP 30 6 26 ± 4 1,080 ± 155 1,465 ± 211 42.4 3 106
Mg2+-GDP 50 8 184 ± 40 1,723 ± 58 2,336 ± 79 9.4 3 106
Mg2+-UTP 104 30 221 ± 14 1,208 ± 76 1,638 ± 103 5.5 3 106
Mg2+-UDP 104 30 1,239 ± 116 924 ± 16 1,254 ± 21 0.8 3 106
LpNTPDase1 C39S
Mg2+-ATP 100 15 313 ± 9 2,154 ± 63 2,922 ± 85 6.9 3 106
Mg2+-ADP 130 20 922 ± 56 930 ± 29 1,275 ± 40 1.0 3 106
LpNTPDase1 Q193E
Mg2+-ATP 1,100 15 — — — 0.1 3 106
Mg2+-ADP 1,000 20 — — — 0.02 3 106
LpNTPDase1 E159Q
Mg2+-ATP 1,500 20 — — — Not detectable
Mg2+-ADP 1,500 20 — — — Not detectable
LpNTPDase1 R56S
Mg2+-ATP 2,400 15 — — — 0.05 3 106
Mg2+-ADP 10,000 15 — — — 0.006 3 106
LpNTPDase1 G54H R56S
Mg2+-ATP 600 40 1,343 ± 61 320 ± 9 434 ± 12 0.2 3 106
Mg2+-ADP 2,400 50 2,960 ± 368 72 ± 4 98 ± 5 0.02 3 106
RnNTPDase2 ECD
Ca2+-ATP 1,900 5 20 ± 1 14 ± 1 16 ± 1 0.7 3 106
Ca2+-ADP 2,000 5 32 ± 4 14 ± 1 16 ± 1 0.4 3 106
Ca2+-GTP 1,500 5 34 ± 2 15 ± 1 17 ± 1 0.4 3 106
Ca2+-UTP 1,500 5 30 ± 3 17 ± 1 20 ± 1 0.6 3 106
Mg2+-ATP 4,400 5 11 ± 1 3 ± 0.3 4 ± 0.3 0.3 3 106
Mg2+-ADP 4,400 5 23 ± 3 3 ± 0.2 3 ± 0.2 0.1 3 106
All measurements were carried out at 25C in 100 mM Tris/malonic acid, 50 mM NaCl, 10 mM CaCl2 or MgCl2, 100 mg/ml BSA (pH 7.4). Values were
calculated using nonlinear regression according to the Michaelis-Menten equation and represent mean ± SD from fit parameters of three to five
separate experiments. For Q193E and R56S variants of LpNTPDase1, the kcat/Km specificity constant was calculated from the initial slope in the
Michaelis-Menten diagram. See also Table S1.
Structure
Snapshots of the NTPDase Reaction(Zebisch et al., 2012). When structures from the closed crystal
forms II or III are compared to the most open apo structure
from crystal form I, two domains that move as rigid bodies are
detected: domain I, residues 35–159 and 385–393, and domain
II, residues 160–384. The AMPNP complex structures differ by
a rotation of 15 of the domains around the axis shown in red1466 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd Alin Figure 6B. The almost perpendicular orientation of the rotation
axis and the line joining the domain centers indicate a perfect
domain closure motion (less than 1% twist motion). The rotation
axis has a similar orientation as that previously calculated from
apo structures of the RnNTPDase1 ECD, which showed a less
pronounced difference in the domain rotation angle (Zebischl rights reserved
Figure 2. Stereo Figure of the Superposi-
tion of an Mg2+-AMPPNP Complex of
LpNTPDase1 with the Zn2+-AMPPNP Com-
plex of RnNTPDase2 Based on Active-Site
Residues Found in ACR1–5
Minialignment of ACR1: residues in bold are part of
the figure. In the bacterial enzyme, H50 is func-
tionally replaced by the structurally nonequivalent
R56. LpNTPDase1, colored; RnNTPDase2, gray.
Please see Figure S6 for the corresponding com-
plex formed by the Q193E variant of LpNTPDase1.
Structure
Snapshots of the NTPDase Reactionet al., 2012). Residues E159,W384, and T385 in ACR3 and ACR5
of LpNTPDase1 function as mechanical hinges, as determined
by Dyndom analysis (Hayward and Berendsen, 1998). The
observation that residues E159 and W384 also participate in
binding of the metal-nucleotide complex suggests that the
domain closure motion is induced by binding of the substrate.
Notably, roughly the same rigid bodies (I: 37–180; II: 181–396)
were identified by the translation/libration/screw (TLS) motion
determination server (Painter and Merritt, 2006) on analysis of
the individual atom displacement ellipsoids of the anisotropically
refined 1.3 A˚ Mg2+-AMPNP complex.
Insight into Catalysis Based on Transition-State Analogs
and Product-Bound States
Upon binding of themetal-nucleotide complex and simultaneous
domain closure, hydrolysis is assumed to proceed via nucleo-
philic attack of a base-activated water molecule (far right in Fig-
ure 3) on the terminal phosphate. To substantiate this notion and
to obtain new insight into the subsequent catalytic steps, we per-
formed soaking trials with the (hydrogen) phosphate mimics or-
thomolybdateMoO4
2 and orthovanadate VO4
3. These species
show—especially at neutral to acidic pH—a tendency to poly-
merize. In addition, vanadate is known for its high flexibility in
bond order and bond angles. This unique feature allows it notStructure 21, 1460only to bind to the active site of phosphoryl transferring enzymes
but also to adopt a form similar to the species the active site has
evolved to bind strongest to: the transition state (Davies and Hol,
2004). When we soaked in the presence of MgCl2 the reaction
product AMP together with the phosphate mimic sodium ortho-
vanadate into crystals of LpNTPDase1 in the closed form II, we
observed the in situ formation of Mg2+-complexed adenosine-
50-phosphovanadate (APV) in the active site of the enzyme.
The fully occupied adduct is characterized by a trigonal bipyra-
midal vanadium atom and a continuous electron density
between vanadium and the two apical ligands AMP and the
nucleophilic water (Figure 7A). Apparently, the high concentra-
tion of the reaction product and a high stabilization of the
pseudo-transition state have allowed the enzyme to function in
a quasi-backward direction. Similar in situ formation of transi-
tion-state analogs was observed when GMP or thiamine mono-
phosphate was used instead of AMP (Figure S5). The high
resolution of these structures (Tables 1 and 2) allowed us to
accurately measure bond lengths and bond angles of the cen-
tral vanadium atom. The crystal structures show a slightly asym-
metric trigonal bipyramidal transition-state mimic (Figure 7B).
The three equatorial bonds differ in length, with the bond point-
ing toward ACR4 being shortest and the one pointing toward the
metal ion being the longest. Similarly, the apical bonds are notFigure 3. Structural Explanation for Phos-
phate Tail Promiscuity of NTPDases
Stereo view of a superposition of the binding
modes of AMPPNP and AMPNP to RnNTPDase2
ECD (A) and LpNTPDase1 (B). The omit density is
contoured at 3s (base in A at 2s). For NTP and
NDP hydrolysis, the two terminal phosphates
adopt identical positions.
–1475, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1467
Figure 4. Stereo View of the Base Promis-
cuity in RnNTPDase2 ECD versus Partial
Base Specificity in LpNTPDase1
(A) Nonhydrolyzable ATP, GTP, and UTP analogs
adopt a canonical binding mode in RnNTPDase2,
sandwiched between Y350 and R394.
(B) In LpNTPDase1, only ATP and GTP bind in the
canonical mode between N302 and Y346. In the
case of the UTP analog, the UMPmoiety is rotated
in such a way that it is bound at the interface be-
tween the domains.
Separate complexes and omit densities are shown
in Figures S3 and S4.
Structure
Snapshots of the NTPDase Reactionperfectly collinear. The interactions with the apical oxygens
at V-O bond lengths of 2.0 and 2.1 A˚ reveal important
hydrogen bonds for the stabilization of the nucleophile and
the leaving group in the transition state (Figures 7A and 7B).
The deviations from a perfect symmetric transition state are
explained by the fact that the active site itself and the binding
mode of the metal-substrate complex are not strictly symmet-
ric. Transition-state analogs bound to a member of the actin-
like family of phosphotransferases have not been described
before.
We did not observe in situ adduct formation when vanadate
was replaced by molybdate. However, a molybdate ion clearly
occupies the position of the terminal phosphate, is bound to
an Mg2+ ion, and is engaged in an identical set of hydrogen
bonds with the active-site residues (Figure 7C). The binding
site for the penultimate phosphate is occupied by a water mole-
cule, and the phosphate group of AMP is expelled from the
active site. In contrast to the very similar product-bound com-
plex of RnNTPDase2 (Zebisch and Stra¨ter, 2008), the oxoanion
here is severely distorted from tetrahedral geometry toward a
trigonal pyramid (Figure 7D). The base of the pyramid is formed
by the three oxygens bound to the metal ion and the ACR1 and
4 turns. The Mo-O bond lengths correspond well to values
found in inorganic molybdate compounds of 1.76 A˚ (Cam-
bridge Structural Database; http://webcsd.ccdc.cam.ac.uk).
The oxygen at the tip of the pyramid corresponds to the
P-O-P bridging oxygen of substrates. The O(tip)-Mo-O(base)
bond angles are reduced to 101. The O(tip)-Mo bond length
is increased to 1.87 A˚, thus indicating a significant weakening
of the covalent bond. At the same time, the distance between
the presumed water nucleophile and the molybdenum central
atom is 2.6 A˚, much shorter than the 3.2 A˚ observed in the sub-1468 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd All rights reservedstrate analog-bound structures. Taken
together, the molybdate adopts a config-
uration reminiscent of a hypothetical
pretransition state characterized by
approximation of the nucleophilic water,
bending up of the three terminal P-O
bonds, and bond loosening of the leaving
group.
Two complex structures that when
combined potentially approximate a
state just after productive collapse of
the transition states into products wereobtained by growing a crystal of LpNTPDase1 in the presence
of substrate ADP (Figures 7E and 7F) and in the presence of
product AMP (Figure 7G). The experimental electron density
corresponding to the substrate-grown crystal revealed the
presence of two (dihydrogen) phosphate ions simultaneously
bound to the metal ion (Figure 7E). In addition, an AMP
molecule is bound to the nucleoside binding site, but the phos-
phate group does not reach toward the hydrolytic site. The
binding mode of one of the phosphate ions is indistinguishable
from that of the penultimate phosphate groups of substrate
analogs and from AMP’s phosphate group from the product-
grown crystal (Figure 7G). The second phosphate, however,
which occupies the terminal phosphate binding site, is bound
in such a way (Figure 7F) that it occupies the sites of the nucle-
ophilic water and a second water that is conserved between
RnNTPDase1, -2, and LpNTPDase1 and bound to the strictly
conserved Q193. Hence, the function of this conserved water
might be to provide a transient binding site for the cleaved
phosphate ion prior to expulsion of both products from the
active site. Notably, the inverted orientation of the tetrahedral
anion and the binding of one oxygen replacing the water nucle-
ophile are in agreement with a product binding mode after an
in-line phosphoryl transfer inverting the configuration of the
phosphorus atom. When we generated the active-site variant
Q193E of LpNTPDase1, we observed a virtually unchanged
binding mode of AMPPNP to the enzyme (Figure S6), indicating
that substrate binding is not impaired. However, in kinetic
experiments, this variant exhibited a greatly reduced catalytic
efficiency (Table 3). This suggests that the electrostatic repul-
sion between the product phosphate and the charged E193
side chain hampers catalysis but not necessarily substrate
binding.
Figure 5. Reconstitution of a Canonical
Base Binding Mode for UTP in the
LpNTPDase1 N302Y Variant
(A) Uracil is bound between the aromatic systems
of Y302 and Y346 (stereo figure). Y350 participates
in base binding via a water-mediated hydrogen
bond. The omit density of the active-site ligand is
contoured at 4s.
(B and C) Saturation kinetics for UTP turnover by
LpNTPDase1 wild-type and N302Y mutant.
Structure
Snapshots of the NTPDase ReactionDISCUSSION
In vertebrates, NTPDases on the cell surface (NTPDase1, -2, -3,
and -8) are responsible for the regulation of fundamental physio-
logical functions such as blood clotting, inflammation, and
immune reactions. For reasons not well understood at present,
these NTPDases show a peculiar mode of membrane
anchorage: two transmembrane helices very close to the N
and C termini are flanking the large catalytic ectodomain.
One of the greatest riddles in NTPDase research is the great
loss of enzymatic activity and loss of subtype-specific catalytic
properties associated with any kind of perturbation of the native
transmembrane (TM) helix organization. Based on data pub-
lished to date, the most likely explanation for this behavior is a
dynamic coupling between transient interactions of the TM heli-
ces and dynamic structural rearrangements in the ectodomain
that affects the active-site geometry.
By crystallizing a soluble bacterial NTPDase homolog in six
different crystal forms, we were able to characterize the domain
rotation of the catalytic domain in unprecedented detail. We
found that the substrate nucleotide can bind to the open form
of the enzyme. Because of too long a distance between the
two phosphate binding loops corresponding to ACR1 and -4,
the substrate’s phosphate tail stays flexible and cannot be
bound productively. Formation of the correct active-site geome-
try that allows hydrolysis to occur requires a 15 domain closure
motion. In this work, we were able to identify the hinge regions
supporting this motion. Key residues are located in ACR3 and
-5, which correspond to the two helices connecting the two
lobes of the enzyme. These residues are also involved in binding
of the metal-nucleotide complex, which supports the idea of a
metal-substrate complex-induced domain closure. The identifi-Structure 21, 1460–1475, August 6, 2013 ªcation of the hinge regions that reside in
ACR3 and -5 also has direct implications
for the crosstalk between the TM helices
and the active site of cell-surface
NTPDases. The helix corresponding to
ACR5 is the last secondary structural
element of the ectodomain fold, and any
structural change may directly be trans-
lated to the C-terminal TM helix and vice
versa. The situation is more complicated
for the hinge region in ACR3. The a helix
corresponding to ACR3 is followed by a
hydrophobic loop protruding between
the two lobes of the domain (Zebisch
and Stra¨ter, 2008). This loop may interactwith the membrane and also with the transmembrane helices,
and could thereby be responsible for translating the TM helix
to active-site crosstalk. This notion is supported by our finding
that in the NTPDases of T. gondii the loop containing the regula-
tory disulfide that controls the domain closure motion maps to
the same location between the two ectodomain lobes (Krug
et al., 2012).
The domain closure motion results also in an approximation
of the nucleoside base binding site and the catalytic residues
of the N-terminal domain (ACR1 and -2). Together with the
finding that NTPs adopt a relaxed and NDPs a stretched
conformation in the active site, this also gives an explanation
for how the strong NTP-over-NDP preference of membrane-
bound NTPDase2 (Masse´ et al., 2007;Kukulski and Komoszyn-
ski, 2003) may be generated from a TM-controlled domain
closure motion. In the structures with NTPs and NDPs bound
to RnNTPDase2 ECD, a similar domain orientation allowed for
the binding of NTPs and NDPs in bent and stretched conforma-
tions, respectively. If the distance between the nucleobase
binding site and the terminal diphosphate group of the sub-
strate is increased in a more open enzyme conformation
(induced by TM anchoring), productive NDP binding might be
disfavored.
Binding modes of various NTP and NDP homologs of
LpNTPDase1 and RnNTPDase2 show why NTPDases cannot
be promiscuous for NTPs and NDPs and at the same time be
specific for a certain nucleobase. Specific in-plane hydrogen
bonds would preclude the orientational flexibility of the nucleo-
side moiety required to bind in the NTP and NDP modes. How-
ever, by limiting the productive sandwich interaction surface,
the NTPDase of Legionella achieves discrimination of pyrimidine
nucleotides.2013 Elsevier Ltd All rights reserved 1469
Figure 6. Domain Rotation of LpNTPDase1
(A) Binding of the ADP analog AMPNP to the most open conformation of the enzyme induces a subtle conformational change. The nucleoside-binding domain II
rotates 3.4 around the axis shown in red.
(B) Domain closuremotion as identified from comparison of crystal forms I and II using the programDyndom. Shown are the AMPNP-bound open form in gray and
the Mg2+-AMPNP-bound closed form in green/blue. The domains rotate 15.1 around the axis depicted in red. Residues identified by Dyndom to function as
bending residues are shown in orange and include the mechanical hinge residues E159, W384, and T385. Rotation axes calculated from superpositions of other
crystal forms are shown in gray (IV, chain A and II, 11.1) and yellow (V and II, 10.7). In all cases, the domain movement corresponds to an almost perfect closure
motion.
(C) Close-up view of the active site with a view along the red rotation axis shown in (B). Here, AMPNP complexes of crystal forms I and II are superimposed based
on domain II (green). The phosphate binding loops are shown as a Ca ribbon trace.
Structure
Snapshots of the NTPDase ReactionFrom high-resolution complex structures of LpNTPDase1 with
transition-state mimics and products, we can reconstruct
several key points along the reaction coordinate of ADP cleav-
age in great detail (Figure 8) and interpolate them into a contin-
uous movie describing the entire reaction cycle (Movies S1
and S2).
Following metal complexation and substrate-induced domain
closure, the nucleophilic water, base activated by the side chain
of E159, approaches the phosphorus of the terminal phosphate
group. Upon an in-line attack of the water nucleophile, the non-
bridging oxygens adopt a trigonal planar configuration around
the phosphorus atom, as observed in the complex structures
formed with molybdate and vanadate. The proton-donating
phosphate binding loops and the divalent metal ion increase
the electrophilicity of the phosphorus and stabilize the negative
charge of the transition state. In addition, substrate binding in-1470 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd Alduces a reorientation of the solvent-exposed R56 side chain to
participate in the binding of the a-phosphate (Figure 7A). This
interaction stabilizes the negatively charged leaving group, and
thus breakdown of the transition state in the forward direction
is favored. The state is best represented by the molybdate com-
plex structure. Further approach of the water onto the phos-
phorus culminates in the formation of the pentavalent, trigonal
bipyramidal transition state with partial bond formation to the
nucleophilic water and partial bond breakage of the leaving
group AMP. This slightly unsymmetric transition state is repre-
sented by the complex structure with the vanadate adducts
APV, guanosine-50-phosphovanadate (GPV), and TPV.
How does the nucleophilic water attack the terminal phos-
phate, however? We were surprised to find that the water hardly
leaves its position relative to the catalytic base E159 of
LpNTPDase1. Rather, we see in our complex structures withl rights reserved
Figure 7. Complex Structures of LpNTPDase1 with Transition-State Analogs and Reaction Products
(A–G) Stereo views left and closeup views right.
Hydrogen bonds between protein and ligands are shown in black and hydrogen bonds to active-site waters are shown as red dashed lines. The salt bridge
between R122 and E159 is in blue. Omit density maps around the shown ligands are contoured at 2.5s or higher. Anomalous difference maps in yellow are
contoured at 4s or higher.
(A and B) In situ formation of Mg2+-APV from AMP and orthovanadate representing the transition-state mimic of ADP cleavage. Additional vanadate-based
transition-state mimics can be seen in Figure S5. Close-up view of the trigonal bipyramidal vanadate moiety with a selection of bonding angles and bonding
lengths. The bonding angle between the two axial oxygens is 173. Data represent average ± SD from six independent observations (APV, GPV, and TPV, two
chains each). The calculated bond length of the V-O single bonds of vanadyl esters is 1.81 A˚ (Borden et al., 2006).
(C and D) A distorted orthomolybdate ion in the active site mimics a pretransition state with close approximation of the nucleophilic water onto the phosphorus
reaching a short hydrogen-bonding distance and partial bond loosening with the leaving group. Data in the closeup view represent average ± SD from four
independent observations (Mg2+-AMP-MoO4
2 complex and crystal soaked with ammonium heptamolybdate, two chains each; unpublished data).
(legend continued on next page)
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continuous movement of the phosphorus (i.e., molybdenum
and vanadium) toward the catalytic water (Figure S7). Relative
to E159, we observe a distance of 1 A˚ between AMPNP’s b phos-
phorus and APV’s vanadium. So apparently it is not the base-
activated water that, driven by thermal motion, attacks the
terminal phosphate. Rather, the distortion of the tetrahedral
geometry of the terminal phosphate forces the phosphorus
atom toward the nucleophile.
Following productive decay of the transition state, an addi-
tional transiently populated state may exist that is characterized
by simultaneous binding of the products phosphate and AMP to
the metal ion. One oxygen of the phosphate occupies the posi-
tion of a conserved water molecule next to the active-site gluta-
mine, whose function has so far been unclear. However, it is
assumed that the lifetime of this state is limited, as the electro-
static repulsion between the AMP and phosphate ions will drive
a product release. Loss of bidentate metal-ion chelation will also
result in domain opening and further facilitate product andmetal-
ion release.
Taken together, the structural and functional studies reported
here provide detailed insight into the catalysis of the phosphoryl
transfer reaction of NTPDases including conformational rear-
rangements, core chemical steps, and substrate specificity.
Based on the high-resolution structuresmimicking several states
of the reaction coordinate, a further understanding of the contri-
butions of the individual interactions to catalysis and the char-
acter of the transition state (i.e., associative versus dissociative)
might be achieved via quantum chemical computational studies.
Our structures not only provide starting points to understand or
model the structures of the ground states, intermediates, and
transition states of the reaction but can also serve to probe
the accuracy of such calculations in the enzyme active site, in
particular concerning the enzyme-induced distortions and
asymmetry observed in the vanadate and molybdate cocrystal
structures. An understanding of the specificity and conforma-
tional flexibility of NTPDases will further facilitate a structure-
guided development of inhibitors of these pharmaceutically
relevant enzymes.
EXPERIMENTAL PROCEDURES
Active NTPDase2 ECD protein was produced by refolding from bacterial inclu-
sion bodies and crystallized as described (Zebisch and Stra¨ter, 2007, 2008).
The bacterial enzyme was expressed as a soluble enzyme, purified, and
crystallized as described (Zebisch et al., 2013).
Kinetic Characterization
For determination of kinetic parameters of NTPDase variants, we measured
the heat release from nucleotide cleavage in a VP-ITC isothermal titration
microcalorimeter (MicroCal, GE Healthcare) as published previously (Zebisch
et al., 2012). Substrate turnover was analyzed in two buffers that differed only
in the presence of the divalent metal compound: 100 mM Tris, 50 mM NaCl,
10 mMMgCl2 or CaCl2, 100 mg/ml BSA, adjusted to pH 7.4 with malonic acid.
For measurements of nucleotide hydrolysis in the presence of Ca2+, we used
previously published values for the molar enthalpic change (Zebisch et al.,(E and F) Mg2+-AMP-Pi-Pi complex obtained from a crystal grown in the presenc
toward Q193, replacing one conserved water atom. Residual unmodeled electro
occupying the canonical binding site. See also Figure S6.
(G) Mg2+-AMP complex obtained from a crystal grown in the presence of AMP.
1472 Structure 21, 1460–1475, August 6, 2013 ª2013 Elsevier Ltd Al2012). The molar enthalpy of hydrolysis for the Mg2+-containing buffer was
determined by subtracting endothermic dilution heats from thermal power re-
cordings of experiments with complete nucleotide turnover (Table S1). The
catalytic parameters Km and kcat were determined using the multiple injection
method. In this experimental setup, the substrate was successively added
from a millimolar stock solution in reaction buffer to the enzyme equilibrated
in the isothermal titration calorimetry (ITC) cell. The enzyme and substrate
concentrations were optimized for every mutant based on initial test runs
(Table 3). Using the molar reaction enthalpy and the molar enzyme concentra-
tion, the recorded thermal power data were converted into the apparent
rate constants and fitted to Michaelis-Menten kinetics to derive the kinetic
parameters Km and kcat using the data-analyzing software Origin Pro 8G
(OriginLab).
Crystallization
RnNTPDase2 was crystallized as published (Zebisch and Stra¨ter, 2008). The
crystals were transferred to cryoprotection buffer complemented with
10 mM nucleotide compound and 0.5 mM (ZnCl2) or 10 mM (MgCl2, CaCl2)
divalent metal salt and soaked for at least 1 hr before freezing (Table S2).
Nucleotide complex structures of LpNTPDase1 were obtained in crystal
forms I (nonproductive binding mode), II, and III (productive binding mode)
by cocrystallization and soaking. The nucleotides and nucleotide analogs
were used at concentrations between 4 and 20 mM. MgCl2 was used at
concentrations from 10 to 200 mM. Soaking times of a few hours were
found to be sufficient. To achieve in situ formation of molybdate- and vana-
date-based transition-state mimics, crystals were soaked for 3–11 d with
millimolar concentrations of reaction product (i.e., AMP, GMP, and TMP)
and Na3VO4 by adding these compounds directly to the crystallization
drop (Table S3).
Data Collection and Structure Determination
Diffraction data from RnNTPDase2 complex crystals were collected on
beamline 14.2 at the Protein Structure Factory (PSF)/Berliner Elektronens-
peicherring-Gesellschaft fu¨r Synchrotronstrahlung (BESSY, Berlin, Ger-
many). Data from LpNTPDase1 crystals were collected on beamlines
14.1, 14.2, and 14.3 at PSF/BESSY and on a rotating Cu-anode home
source. X-ray data sets were integrated using XDS (Kabsch, 2010). Ampli-
tudes were scaled and converted to structure factors with SCALA/
CTRUNCATE (Winn et al., 2011).
The structure of LpNTPDase1 was determined independently of the pre-
vious structure determination (Vivian et al., 2010) by a sulfur SAD approach
using an orthorhombic crystal of crystal form III as described (Zebisch et al.,
2013). The structures in crystal forms I, II, and IV–VI were determined by
molecular replacement. The structure of crystal form VI will be published
elsewhere. Crystal forms IV and V show partial twinning and were refined
using the twin refinement option of REFMAC5 (Murshudov et al., 2011).
The twin fraction was calculated to be 17% (IV), respectively 11% (V).
Anisotropic refinement was used for all data sets for which the ratio
between numbers of independent observations and refined atoms was 14
or greater. For all other structures, TLS refinement was used. Based on
an initial analysis of domain movements (see Results), three TLS groups
were defined as follows: 1: residues 34–155 (N-terminal lobe); 2: residues
156–179 and 377–394 (central region); and 3: residues 180–376 (C-terminal
lobe).
The structure with a bound thiamine-50-phosphovanadate adduct
shows a fully occupied decavanadate (DVT) in the active-site cleft that is
less pronounced in the other vanadate structures. This ligand was refined as
described before (Zebisch et al., 2012). Restraint files were generated for
active-site phosphovanadate adducts in a similar way. Bond lengths were
set to 2.1 ± 0.2 A˚ for the apical and to 1.7 ± 0.2 A˚ for the equatorial V-O
bonds. The Oeq-V-Oax and Oeq-V-Oeq bonding angles were set to 90
 ± 10
and 120 ± 10, respectively. Use of large estimated standard deviationse of ADP. The phosphate ion occupying the terminal phosphate site is inclined
n density (red, 3s) may result from traces of unhydrolyzed ADP or phosphate
l rights reserved
Figure 8. Reconstruction of the Reaction Pathway of ADP Cleavage
All models are based on the structures of LpNTPDase1 as indicated by the
PDB ID codes. Please refer to Figure 7 for the interactions with the enzyme.
Blue arrows indicate the movements of atoms or atom groups. Red arrows
indicate the movements of electron pairs. Please see Figure S7 for the relative
Structure
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Structure 21, 1460allowed the refinement of the ligand atoms to be largely governed by the
diffraction data.
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